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Preface

This report is a compendium of all the final reports for each of the component activities that constitute
the Dynamic Underground Stripping demonstration at the LLNL gasoline spill site. The demonstration
and cleanup efforts at that site from 1992 to early 1994 were funded jointly by the U.S. Department of
Energy’s Office of Technology Development and Office of Environmental Restoration. This report
combines those efforts into sections that reflect the major technical aspects of the project: Summary,
Characterization, Operations, Monitoring, Predictive Modeling, and the Accelerated Removal and
Validation (ARV) Project.

The Dynamic Underground Stripping demonstration at the LLNL gasoline spill site was extremely
successful, and all the project goals were met or exceeded. All aspects of this project reflect the
integration of complementary technologies and process engineering. Some applications are obvious,
such as the use of electrical heating and steam injection to heat the whole range of soil types. Others
are not so apparent, such as the need to electrically isolate diagnostic and monitoring systems from the
tremendous currents intentionally applied to the ground. The technical challenges in merely fielding
these methods in a safe and effective manner at an operating industrial site were great. Safety in
operation was a prime design parameter; our excellent safety record is one of the most satisfying
accomplishments of this project. The combined achievements are greater than the sum of each
individual component; this satisfies the requirements of true integration of method and application.

This report is a compilation of results from the demonstration project. As such, it represents
collaboration among investigators from many organizations, both between LLNL and other agencies and
organizations within LLNL itself. In particular, we wish to acknowledge the contributions of Professor
Kent Udell and the team members from the University of California at Berkeley’s Environmental
Restoration Center, and the close collaboration between these individuals and LLNL researchers. The
success of this project is largely due to the unique field-scale collaboration utilizing the complementary
interests and research abilities of the University and the Laboratory researchers.

The successful demonstration of Dynamic Underground Stripping at the LLNL gasoline spill site was
made possible through the combined efforts of a great many people, with a broad range of expertise.
We acknowledge the efforts of the mechanical and environmental technicians; procurement,
construction and plant engineering personnel; and other staff without whose contributions (often in
difficult conditions and inclement weather) this project would not have been possible. Students from
the University of California, Berkeley’s Environmental Center also provided essential support.

We gratefully acknowledge the support of the U.S. Department of Energy's Office of Environmental
Management for this demonstration. The demonstration of innovative technologies requires that the
needs of both experimental and compliance-driven, cleanup operations be addressed. The efforts of the
U.S. Department of Energy's representatives to reconcile the often conflicting requirements made this
project possible. In particular, we wish to acknowledge the efforts of Clyde Frank, Pat Whitfield, Tom
Crandall, Tom Anderson, Katie Hain, John Mathur, Kathy Angleberger, John Lehr, J. T. Davis, Richard
Scott, Mike Brown and Bill Holman. During its three-year history, this project utilized the resources of
many if not most of the organizations at LLNL. In particular, we wish to acknowledge the support of
the following individuals: Jesse Yow, John Ziagos, Lee Younker, Bob Schock, J. I. Davis, Ann Heywood,
Jay C. Davis, Alan Levy, Walt Sooy, Dennis Fisher, Harry Galles, Jens Mahler, and Bill McConahie.

The following is a list of contributing authors and their organizational affiliations.

ii



Lawrence Livermore National Laboratory

Earth Sciences Division, Environmental Programs Directorate, Lawrence Livermore National
Laboratory, Livermore, CA 94550

Roger D. Aines

O. Sierra Boyd

Charles R. Carrigan

Kevin C. Knauss

Kenrick H. Lee

Robin L. Newmark

John J. Nitao

Abelardo L. Ramirez

Jerry ]. Sweeney

Defense Sciences Engineering Division, Electronics Engineering Department, Engineering Directorate,
Lawrence Livermore National Laboratory, Livermore, CA 94550

Maurice A. Hernandez

Ray M. McNairy

Engineering Research Division of Electronics Engineering Department, Lawrence Livermore National
Laboratory, Livermore, CA 94550

Jane Beatty

H. Michael Buettner

William Daily '

Michael Wilt

Environmental Restoration Division, Environmental Protection Department, Lawrence Livermore
National Laboratory, Livermore, CA 94550

Dorothy J. Bishop

Kenneth L. Carroll

C. Suzanne Chamberlain

Alan B. Copeland

Michael ]J. Dibley

Paula Krauter

J. C. Nelson-Lee

Maureen N. Ridley

Health and Ecological Assessment Division, Environmental Programs Directorate, Lawrence Livermore
National Laboratory, Livermore, CA 94550

Marina C. Jovanovich

Thomas J. Kulp

Kevin C. Langry

Roger E. Martinelli

Isotope Sciences Division, Chemistry and Material Sciences Directorate, Lawrence Livermore National
Laboratory, Livermore, CA 94550
G. Bryant Hudson

New Technologies Engineering Division, Mechanical Engineering Department, Lawrence Livermore
National Laboratory, Livermore, CA 94550
William H. Siegel



Nuclear Test Engineering Division, Mechanical Engineering Department, Lawrence Livermore National
Laboratory, Livermore, CA 94550
John Carbino

Technical Support and Policy Development Division, Hazard Control Department, Lawrence
Livermore National Laboratory, Livermore, CA 94550
James Martin

University of California at Berkeley

Department of Mechanical Engineering, University of California at Berkeley, 6165 Etcheverry Hall,
Berkeley, CA 94720 '

Ron Goldman

Kent M. Kenneally

Kent S. Udell

Materials Science and Mineral Engineering Department, University of California at Berkeley,
Berkeley, CA 94720

A. E. Adenekan

T. W. Patzek

Oak Ridge National Laboratory

Health Sciences Research Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831-6113

Tye E. Barber

Walter G. Fisher

Eric A. Wachter

Weiss Associates

Weiss Associates, Inc., Emeryville, CA

Charles Noyes

Everett A. Sorensen

Infraseismic Systems, Inc.

Infraseismic Systems, Inc., 4630 Easton Drive Suite 5, Bakersfield, CA 93309

Roger J. Hunter
Richard F. Reinke

iv



Contents

Volume 1

1. Summary
Summary of Results

R. L. Newmark rd R. D. AIMES..c..uuee oo eeieeeeeeeeeieeieeitevtaentieettaeseteessanaesnsreneanserrnasnaensees

2. Characterization
Dynamic Underground Stripping Characterization Report...........ccccoooiinin

Introduction
D. J. BISHOP.cueieieiiiiiciiee e e

Pre-Dynamic Stripping Underground Demonstration Project Hydrogeochemical
Characterization of the Gasoline Spill Area

Sediment Physical and Chemical Characterization
Jo o NEISOM-LEE.......cooieeeiiiiiiiiiiniit ettt et et

Bacterial Distribution and BETX Utilization in Subsurface Sediments
from a Gasoline Spill
P KIQULET oottt ettt et etvasstntnsasssssnesesesasssnessnsnsnsnsnesesanssnsnsnsnnssnensmsnsnensarananen

Ground Water Characterization
M. N. Ridley and R. E. Martinelli................cccooeieiimiiimiiiiii e

Structure and Flow of Data Through the LLNL/ERD Environmental

Data Management System

C. S. CHAMDETIAIN. ...ttt et e e
Appendix A: Monitoring Well and Borehole Completion Data .............cccccoooinnnniii
Appendix B: GSA Hydrostratigraphic Units.............cccocoooiiii

Appendix C: Sampling Plan for Dynamic Underground Stripping Activities
D. J. Bishop and . C. NelSON-Lee............ccccoourimmimmmmmiiieieieiiiete et

Appendix D: OVA/OVM Readings and Core Temperature Data ............c.....cco.cci,
Appendix E: Laboratory Procedures for Physical and Chemical Measurements..................
Appendix F: Pre- and Post-Steam Injection Data.............cccooooiiiii
Appendix G: Soil Organic Chemistry Data .............cccoooviiiiiiiiiii e
Appendix H: BTD Results........ooooiiii
Appendix I: Pre-Experiment and First Steam Pass Water Characterization: Ions.............

Appendix J: Pre-Experiment and First Steam Pass Water Characterization:
INOTANUECS ...eeirieiee ittt e




Appendix K: Pre-Experiment and First Steam Pass Water Characterization:

Miscellaneous ANalyses ..............cocoiiiiiiiiiiiiii 2-207

Appendix L: Second Steam Pass Water Characterization: Ions.............................. e 2-211

Appendix M: Second Steam Pass Water Characterization: Inorganics..............cc.cco..oeee. 2-213

Appendix N: Second Steam Pass Water Characterization: Miscellaneous Analyses.......... 2-215

Appendix O: Gasoline Concentrations (ppb) in Ground Water at the

Gasoline Spill Area...........cccooiiiiiiiiiiiiiiiii e e 2-217

Appendix P: Minerals Present in Ground Water and Process Water at the

Gasoline SPill Site ..........oooviiiiiimiiiiiii et e e e 2-219

Appendix Q: Gasoline Volume Estimation

Ri DBUANY..cocooeiie e ettt e e e e n e ee s e ae e e tten e aeeees 2-223

Appendix R: Hydraulic Testing at the Gasoline Spill

J. Macdonald, Z. Demir, E. Nichols, and C. NOYES ...........cccccovvviiiinemiieiiiiiiiciiiiiieeneae s, 2-277
Volume 2

Operations

Design, Construction, and Operation of Dynamic Underground

Stripping Facilities at Lawrence Livermore National Laboratory

W. H. SEEGEL......oeeeeeieeeee ettt e e et et 3-3

Treatment Facility F

E. Sorensen and W. H. Siegel ............ccccocoiiiiinmmiiiiiiiiiie ettt e e 3-123

The Electrical Soil Heating Preheat Phase of Dynamic Underground Stripping

H. M. Buettner and W. D. Daily ..............c.....ccocoiiiiiiiniiiiniiiieiiriettes e eieeee e 3-135

Process Monitoring of Organics During Dynamic Underground Stripping

M. C. Jovanovich, R. E. Martinelli, M. ]. Dibley, and K. L. Carroll .........ccccocvviivncannnnnnnn. 3-187

Effluent Stream Monitoring at the Dynamic Stripping

Demonstration Using Fourier-Transform Infrared Spectroscopy

K. C. Langry and T. J. KUlP.......coooiiiiiiiiiiiiiiiiiiteteee ettt seae e seae e 3-311

Characterization of the Vapor Stream at the Lawrence Livermore Dynamic

Stripping Site by Differential Ultraviolet Absorption Spectroscopy (DUVAS)

T. E. Barber, W. G. Fisher, and E. A. WACHIET .........oununeeeieeeeeeeieeeeeeeeeeeieeeevieeteesseveanaeae 3-397

Gasoline Removal During Dynamic Underground Stripping:

Mass Balance Calculations and Issues Chemical Fractionation

R. D. Aines, W. H. Siegel, E. Sorensen, and M. Jovanovich ..............cccccccvrvemnineiiiannnnnnnn. 3-447

Industrial Hygiene Monitoring Results: Dynamic Stripping Steam

Injection Operations at Building 406 Gas Pad

JoMATHIT ottt e ettt et e e 3-487

Appendix: Dynamic Underground Stripping Operational Data..............cccecuviiireeernnnnnnn.. 3-529

vi




Volume 3

4. Monitoring
Using Geophysical Techniques to Control In Situ Thermal Remediation

Ru L NEWIMATK. ..o ettt eeeeeee et ae e e et e e s e ie e et s e st e eae s s b renaeanns 4-3

Design and Development of a Temperature Measurement
System to Monitor Subsurface Thermal Processes
R. Goldman and K. S. UGElL.............ccccceriimioiiiiiiiciiiieieee ettt et e e e v 4-23

Monitoring Thermal Treatment Processes Using Electrical Resistance Tomography
A. Ramirez, ]. Beatty, ]. Carbino, W. Daily, and R. L. Newmark.........ccccooceveaeenrienrannene. 4-69

Borehole Induction Logging for the Dynamic Underground
Stripping Project LLNL Gasoline Spill Site
S. Boyd, R. L. Newmark, and M. Wilt............cccccooviiiiiiiiiiiiiiiiic ettt 4-165

Tiltmeter Mapping of Steam Zones During Steam Injection February—june 1993
R. J. Hunter and R F. ReINKE .........cccocoiiiiiiiiiiiiiiiiiiiei et 4-185

5. Predictive Modeling
Thermally Enhanced Removal of Liquid Hydrocarbon
Contaminants from Soils and Ground Water
Ko S. Udell.....oiic e ettt ettt e tnaa e e 5-3

Predictions of Recovery of Gasoline from the LLNL Gasoline
Spill Site with Dynamic Underground Stripping
Ko S Udelloeoe ettt ettt 5-45

Modeling Steam Locations During a Steam Injection Process for Subsurface Gasoline Spill
K. M. KeNNEAIlY.....ccoooiiiiiiiiiii ettt e e 5-55

Cleanup of the Gasoline Spill Area with Steam: Compositional Simulations
A. E. Adenekan and T. W. PabZek............cccccooviviiininiinnianiiieinniieeseee et e 5-141

Predictive Modeling Using the STARS Code
Ko H. LB oottt ettt e ettt e e e 5-167

Development of a Predictive and Diagnostic Modeling Capability for Joule Heating
C. R Carrigan and J. J. NIHAO ........oooeiiimiiiiiiiiciicccee et te ettt 5-195

vil



Volume 4

6. Accelerated Removal and Validation (ARV) Project
Treatment Facility F: Accelerated Removal and Validation Project...........cccoevuueneeee. 6-3
J. ]. Sweeney, M. H. Buettner, C. R. Carrigan, C. S. Chamberlain,
A. B. Copeland, M. A. Hernandez, G. B. Hudson, M. C. Jovanovich,
K. C. Knauss, R. M. McNairy, W. H. Siegel, and E. A. Sorensen

Executive SUMMATY ..o 6-5
L INtrOdUCHON ..ottt 6-9

II. General System Description and Extraction Operations,

September 1 to November 12,1993 .............ocoiiiiiiiiiiiii et 6-14
IIL AIr SParging ...t ettt 6-29
IV. Electrical Heating.........cccooiiiiiiiiii e e 6-50
V. Conclusions and Recommendations for Further Work ...........c..cccociiiiiiiiniinieeenie 6-65
RefOIONCES. ....iiiiiiiiiic e e e 6-68
ACTONYING ..ooiiiiiiiiici ettt e e e e e e s et e e seeaeeessnsns e baeneeeeeeeeeneeneeen s 6-69
GLOSSATY ...ttt e ettt et e et aeeaas 6-71
Appendix 1: Accelerated Removal and Validation Project (ARVP) Management .............. 6-75
Appendix 2: System AUtOMALION .............cooiuiiiiiiiiiiniei et e ettt 6-83
Appendix 3: Electrical Heating Systems ............cccoceeveiiriniiiniiieniircee e, 6-87
Appendix 4: Operational Measurements, Sampling, and Chemical Analyses.................... 6-93

Appendix 5: Modeling of ARV Sparging and Electrical Heating Using NUFT
and an Ohmic Heating Module, and Related Laboratory Measurements............................. 6-125

Appendix 6: Structure and Flow of Data through the LLNL ERD Environmental
Data Management System............ccoccooiiiiiiiiiiiiiii e 6-137

viii



2. Characterization

2-1



2. Characterization

Section Contents

Dynamic Underground Stripping Characterization RepOrt ........ccccvuicreimmiiieninniniiecsencieecee



Dynamic Underground Stripping
Characterization Report

Contents

INtrOUCHION ccovieniiiniiiiieeriinirieiinetinsetics e e essssansssas s s e sessseessssnsnasassnsnosasssnsossonsastenenssasssssenssssses

Pre-Dynamic Stripping Underground Demonstration Project

Hydrogeochemical Characterization of the Gasoline Spill Area ......cccceviiinniiinsinnnicininiininnnnnn.
INMTOAUCHON «...ccovieiieireitieiiieniinei i ctrttessessas e s sasasr e s es s s saeeasesanasasesscnssatantssossssssnsassesosen
Hydrogeologic Setting of the Gasoline Spill Ar€a........ccccoovinuinimniniiiniinniiininninnniciieaen,
Hydrogeology of the Steam Zones and Adjacent Confining Layers.......c.cccvceeneiiniciniininnnnnnans
Distribution of Fuel Hydrocarbons in the Subsurface........ccccceiiiinniinnninnnnnnicinnacinsnninccenns
1011111171 o U SOV POI PN O PPN
ACKNOWIEAZINENLS ......ooeerrriiiiirieere ettt et sebe st e aresaatsees et at s e bas o suns s ssne e
REFEIEICES. .....neeiiririiiiirtettiiiiiictiste ittt sstsstansiecsissatessssesasstntnaseanasssanassasesasessnnsarnansansensossasasas

Sediment Physical and Chemical Characterization ........c.cccceevcciiiniiimnciinincenieiineciiinnnnneen
INEOAUCHON ..c.coviviiiiinitniiitittiiti s sisissescsesesstsssaraessseseteasasasteasasennsssssnasssssnnnnnnasnssssnsssss
ProCeAUIES.....ciiriiiiiiiitiricteer ittt st a e e e aas e e s s saarese s s st e s e aes s s s ssen et e s eeses
Other ANAIYSES ...c.ooovueiiirieieiiitieeiee ettt se e s ts st e sateseatsaaseasbaat sessns tessesesuso sas
Results and DiSCUSSION......cuiiviviviiiriererrenitiriiieirssinrerersismeiieessesesssrisatsesttaeassasssssssesssssesessssaseas
LesSONS LEArNed .......cecviiieiiiiiiiiimuierieiriiiiiiirieieresis e sssssassssssestostsssnesssonssesssssssassasssrnasssosase
REfEIENCES. ....cceeiitieee ettt e tne et ae e rne s e e san e s sas s e sasne e s sennasasesosanses sass

Bacterial Distribution and BETX Utilization in Subsurface Sediments

from a Gasoline SpPill ........ccoovurieiiiniiiiice e s s st e
BackgroUNd......couuieiiieriinreiiecctteeee e e e e s saae s e st e e s st e snee e
MEtROAS ...ccooiritiiititnetttrtr ittt s s se st e e ases e s s s ssansa s arann et e bt e aesesaaeseseaeaeseaseasaanens
RESUIES.ceirtetiiiiiici ittt et se bt tste s s e e be st e s s s arar s esveneseteseasennesnsassssssaranssssnnes

RO I OIICES . cu e ieeretieeireereiesereeirecesssssssesssosssesesssssssssssssanssssesnsssesssssosnssnsansssmosnssesasnnssnnnssnsessansnnn
Ground Water CharacteriZation ... veieceerersiiierereererrarereeessesersoressassosssasssessansnsassseransessssasanssassnnns
It OAUCHON «. vevtveeeieienieenieniereiieeeeisesessetnsernsessesssessssanssnssssnsesssneresasessensssssenssansessnssnsnsennssennsneee

Structure and Flow of Data Through the LLNL/ERD Environmental

Data Management SYStemM........iiciuureeieiimietiieeiiitrie et eersree e se s seas e ses s stae e s s e e s snssannsansasssssanes
INEOAUCHON «...eeveeeieiiieieeiete ettt ee e ee s st te e s e s aant e es s ateae s se s s nnsn e e e e senesssssnsanaans
Structure and FIOW ........coiiiiiiiiiiiin ittt eesese s ane s e e se s e s s s s se s s nnane s s s e aeanene
CONCIUSIONS ....ceoviiiiieniiete ittt tr e s et eeese s anae e st an e aaae seseesensnsannans

2-3



Appendix A: Monitoring Well and Borehole Completion Data .........cccovveeeeimiscnsiisninnsnnneniisencens 2-105

Appendix B: GSA Hydrostratigraphic URits.........ccovceiiniiiniimiiniienninesecnesn e 2-109
Appendix C: Sampling Plan for Dynamic Underground Stripping Activities.......ccoceeveeiuicniceencne. 2-113
Appendix D: OVA/OVM Readings and Core Temperature Data .......c.cccoonierinmineniinniiiinninnnne 2-127
Appendix E: Laboratory Procedures for Physical and Chemical Measurements 2-131
Appendix F: Pre- and Post-Steam Injection Data.......cccevueiiiiiininnminenniese et 2-153
Appendix G: Soil Organic Chemistry Data ........c.coeeeiumnrminiiiinmnintisassennnssssrsnsnssssnssscensencenes 2-173
Appendix H: BTD ReSULS....ccoiiiiieeeitiiieiietintistnennttennint sttt st s s sa s s snes e s st 2-195
Appendix I: Pre-Experiment and First Steam Pass Water Characterization: Ions.......cccccccoveueen.eu 2-199
Appendix J: Pre-Experiment and First Steam Pass Water Characterization: Inorganics................ 2-203
Appendix K: Pre-Experiment and First Steam Pass Water Characterization:

MiScellaneous ANALYSES .....coceererrierenriniininerianiarsscecssrnsirastnasssssrsssssstisstissessssasstsssssnssssssananseanass 2-207
Appendix L: Second Steam Pass Water Characterization: IONS .........cceieiinieieiiinninsncninicsinenne 2-211
Appendix M: Second Steam Pass Water Characterization: INOrganics........eeeemecneninsisiinicecncnnen. 2-213
Appendix N: Second Steam Pass Water Characterization: Miscellaneous Analyses ..................... 2-215
Appendix O: Gasoline Concentrations (ppb) in Ground Water at the

GasOHNE SPIll ATEQ .......eeuevrreieeriinierrtanrieeessst sttt sttt ra et er st et s st sttt e e sn e 2-217
Appendix P: Minerals Present in Ground Water and Process Water at the

Gasoling SPIll SIte .....ceveereieireririecteiteecr e s s s s e s 2-219
Appendix Q: Gasoline Volume ESHMAtiON. .....ccceoveuriienmmiiniiiiritcnee ettt 2-223
Appendix R: Hydraulic Testing at the Gasoline Spill........ccccocrimnmiiinniiiiircsriiccnes 2-277

2-4



